Introduction
The creation of functional antibody heavy (H) chains in developing B lymphocytes results from the ordered, somatic rearrangement of variable (V), diversity (D), and joining (J) segments genes (1) (2) (3) (4) . The order of this rearrangement is D onto J, followed by V onto the formed D-J element (3, 5) . Inherited defects in any of these steps would lead to termination of gene rearrangement, failure of isotype diversification, absence of antibody production, and possibly to truncation of B cell development. One candidate for a disease caused by such an inherited defect, X-linked agammaglobulinemia (XLA), 1 is a sex-linked antibody deficiency disease (6) (7) (8) (9) . XLA results from a failure of B lymphoid development either at the stage of pre-B cells (major form), or at the later stage of early B cells, limited to expression of g -and 8-H chains (8, 10) . We have shown that the pre-B cells from three patients with the major form of XLA produce a truncated g -chain, lacking 300 nucleotides of 5' terminal sequence (9) , due to transcription of the H chain gene locus prior to D-J rearrangement (manuscript in preparation). We now report that B cells from a patient with the minor form of XLA produce a-and 6-chains of reduced size due to the absence of VH. H-chain proteins are reduced in size by 13,000 D, lacking 180 nucleotides of 5' terminal sequence. The truncated H chains are encoded by D-JH-C(A/6), with a 5' flanking sequence which encodes a leader sequence and the characteristic GGTTTGAAG/ CACTGTG consensus sequence separated by 12 nucleotides, necessary for VH gene rearrangement 5' of the D (2) , analogous to the Du proteins produced by Abelson virus transformed pre-B cells (11) . Unlike Abelson virus transformed pre-B cells producing DA (11, 12) , we have no evidence for spontaneous VH gene rearrangement. We suggest that failure of VH gene rearrangement underlies this form of XLA.
Methods
The patient with the minor form of XLA, identified in earlier reports 4s [4] [5] [6] [7] [8] , has circulating B lymphocytes, limited to expression of 8-and M-H chains (8, 13) . B cell lines from this patient are also limited to band u-H chains, with delayed expression of L chain (13, 14) . The presence of immature B cells in peripheral circulation distinguishes this patient from the patients with the major form ofXLA, who lack all B lymphoid cells more mature than pre-B cells (10). Further, B cells from this patient react with antiserum specific for V region antigen (the protein product of V, D, and J), while pre-B cells from three patients with the major form of XLA produce H chain which lacks reactivity with anti-V (9).
B cell lines were established and grown as previously described (13) , with the substitution of the alpha modification of MEM as medium. Cells were cloned suspended in soft agarose (15). For metabolic labeling of Ig, 10' cells were washed twice with balanced salt solution, and cultured for 4 h in MEM without methionine with 100 MCi of [35S]methionine/ml at 3 X 106 cells/ml. Supernatants were reserved and cell platelets were lysed in isotonic buffer with 0.5% NP-40. IgD and IgM were isolated by precipitation with first antibody followed by Staph A (IgGSorb). Since IgM and IgD specifically reacted with Staph A in the absence of first antibody, isotypes were identified by immune precipitation with second antibody. Rabbit antiserum to g -or 6-H chain, absorbed to remove nonspecific and L chain reactivity, was added to culture supernatant or cell lysate, and goat antiserum to rabbit IgG was added at equivalence (16). Precipitated Igs were redissolved, reduced, and electrophoresed in 12.5% SDS acrylamide slab gels exactly as described (17) . The bands from proteins precipitated with second antibody were blurred compared to the Staph A precipitations, due to the presence ofexcess unlabeled protein from the precipitating antibodies. Unlabeled molecular weight standards, reduced normal human IgG (gamma and L chains), reduced normal human IgM, and bovine serum albumin, and labeled A-and L chains from the normal B cell line SMI 4 were electrophoresed with the samples.
RNA was isolated from frozen cell pellets by the guanidine thiocyanate method of Chirgwin et al. (18) and the RNA was enriched for polyA containing sequences in oligo dT (19) . Northern blots were run as described (20) and primer extension analysis was as previously described (21) . cDNA libraries were constructed by the RNAse H method of Gubler and Hoffman (22) , without Escherichia coli DNA ligase in second strand synthesis. Because of secondary structure of Aand 6 mRNAs, it was necessary to denature the RNA before first strand synthesis, either with CH3HgOH and/or heating to 700C for 20 min. cDNA was ligated into lambda gt IO (23) , and infected into C600HflA.
Libraries were screened for As-chain with the pAHM2 clone (9). b-chain screening was with two 20-mer oligonucleotides encoded in C6. The 20-mer were used to isolate clone 811 from the LAZ 166 library. This clone stopped 18 nucleotides into J. 611 was used to isolate subsequent clones. s -chain clones were subcloned into ml 3 mpl8/ 19 and sequenced by Sanger dideoxy methods (24). Restriction mapping of the insert cDNA was performed as previously described (25) , and fragments encoding Cl were compared with the full length clone of a normal human g-chain (26) . Because of extensive secondary structure 6-chain clones could not be sequenced by chain termination. One b-chain clone was subcloned into pUC 18, end labeled at either the Eco RI site at the 5' end or the Asp 718 (Kpn I isoschizomer) site at nucleotide 97 ofCA and the sequence determined by the method of Maxam and Gilbert (27) . With few exceptions, the sequence was determined from both strands.
Results
We examined the sizes of 6- Precipitation of culture supernatants from the two cell lines with antiserum to ,u-and 6-chains followed by Staph a yielded bands corresponding to full length L chains, truncated 6-chains of49,000 D, and truncated A -chains of 55,000 D (from SB 25) (Fig. 1 ). These sizes are compared to a calculated full-size of 63,000 D for 6-chain and a control full-size of 68,000 D for A-chain. Since Staph A precipitation yielded both 6-and iu-bands from SB25, the isotype assignments were confirmed by precipitations with second antibody (16). When increased supernatant from LAZ 166 was precipitated with antiserum to u-chain with second antibody, a band corresponding to the truncated /i chain of SB 25 was identified (Fig.  1 ). Because ofthe greater amount of6-chain produced by LAZ 166, the truncated M-chain could not be seen when both H chains were precipitated with Staph A. Immunoglobulins from two clones of LAZ 166, C5 and C6, were also examined. Clone CS yielded a band corresponding to truncated g-chain, while C6 yielded a band corresponding to truncated b-chain ( Fig. 1) . A deletion of H chain mRNA was confirmed by Northern blot analysis, and found to be due to a 180 nucleotide deletion of 5' terminal sequence by primer extension analysis (data not shown).
Full-length cDNA clones encoding-s and 6-chains from LAZ 166 and cellular clones C5 and C6 were examined to determine the basis for the truncation. (33) have shown that a common recombinase acts in T and B cells, requiring hypothesized "specification elements" to determine the site of action of the recombinase, either by stabilizing the consensus sequence pairing or by providing access for the recombinase. Since T cell function in XLA is normal, the disease is unlikely to result from a defective recombinase. Alternatively, a failure of Ig VH to D-JH rearrangement could result from an altered specification element which either fails to catalyze recombination or causes abortive VH gene rearrangement at another site. Defective rearrangement in the C.B-17 scid mouse model of severe combined immune deficiency usually resulted in elimination ofthe J elements in pre-B cells (34) . We have not identified this form of abortive rearrangement in XLA.
The X chromosome linkage of this disease makes it unlikely that termination of rearrangement results from defective structural genes which are located on chromosome 14 (35) . The D-JH rearrangements identified in XLA B cells meet the known structural requirements for VH gene rearrangement (2, 3) . We suggest that there is a defect in the "specification elements" which (37, 38) , indicating that the arrest of B cell development is not absolute. This finding is consistent with XLA resulting from failed regulation of B cell maturation, either of variable region rearrangement or from higher level regulation with a secondary affect on variable region rearrangement, rather than inherited defects in structural genes for Ig. We have not identified cells producing full length H chain from this minor form XLA patient. The absence of such cells may indicate that he has a mutation distinct from that of the major form XLA patients previously studied (37, 38) , that his mutation is closer to absolute than the patients from whom such cell lines were established, or may be because his predominant, immature B cells producing D-J-C(,g6) are readily transformed by Epstein-Barr virus, in constrast to the pre-B cells of major form XLA patients.
